INTRODUCTION
Electrical coupling between horizontal cells is one of the many processes modulated by dopamine in the vertebrate retina [reviewed in Negishi et al. (1990) ; Dowling (1991) ; Witkovsky & Dearry (1992) ; Djamgoz & Wagner (1992) ]. Dopamine decreases horizontal cell receptive field size (Teranishi et al., 1983; Mangel & Dowling, 1985; Piccolino et al., 1984; Dong & McReynolds, 1991) by decreasing gap junction conductance (Lasater & Dowling, 1985; DeVries & Schwartz, 1989) . Changes in the state of light/dark adaptation also affect horizontal cell receptive field size (Mangel & Dowling, 1985; Dong & McReynolds, 1991; Baldridge & Ball, 1991) , although this relationship appears to differ among species. In mudpuppy, lightevoked uncoupling of horizontal cells is mediated by dopamine (Dong & McPeynolds, 1991) . Light has also been shown to stimulate dopamine release in another amphibian, Xenopus (Boatright et al., 1989) .
In addition to dopamine, there is evidence that other neurotransmitters also affect horizontal cell receptive field size. GABA (Teranishi et al., 1983; Piccolino et al., 1982; Dong & McRe.ynolds, 1992) , acetylcholine (Marshall & Werblin, 1978; Negishi & Drujan, 1979; Hare & Owen, 1995) , serotonin (Negishi & Drujan, 1979; Drujan et al., 1990 ) and nitric oxide (Miyachi et al., 1990; Baldridge et al., 1993; Mills & Massey, 1993) decrease horizontal cell receptive field size in various species. All of the above except nitric oxide appear to affect horizontal cell coupling by modulating dopamine release. Acetylcholine (ACh) decreases the receptive field size of horizontal cells in fish (Negishi & Drujan, 1979) and tiger salamander (Marshall & Werblin, 1978) , by stimulation of dopamine release (Negishi & Drujan, 1979; Hare & Owen, 1995) . However, these studies did not provide any information on the type of cholinergic receptors involved, or whether cholinergic neurons were in the pathway by which light modulates dopamine release. The present study provides evidence that ACh also uncouples horizontal cells in mudpuppy by stimulating dopamine release at nicotinic receptors, and that the cholinergic neurons are not an essential part of the pathway by which light causes uncoupling of horizontal cells.
METHODS
Experiments were performed in dark-adapted retinas in the eyecup of the mudpuppy, Necturus maculosus. The preparation, electrical recording and optical stimulation systems have been described in detail previously (Dong & McReynolds, 1991; Myhr et al., 1994) . Mudpuppies (Kons Scientific, Germantown, WI) were kept in an aquarium on a 12 hr light/dark cycle and experiments were done in the afternoon portion of the light cycle.
All procedures were done under infrared illumination using animals that had been dark adapted overnight. The eyecup was mounted in a chamber and superfused at a rate of 0.5 ml/min with Ringer solution (in mM: NaC1, 110; KCI, 2.5; MgC12, 1.2; CaC12, 1.8; glucose, 11; HEPES buffer, 5.0, adjusted to pH 7.8). The superfusate could be switched to alternate Ringer solutions containing known concentrations of neurotransmitter agonists and/or antagonists. Oxotremorine and nomifensine were purchased from Research Biochemicals, Inc. Unless otherwise noted all other drugs were purchased from Sigma Chemical Co. Intracellular recordings were made with conventional electronics and 3 M K+-acetate-filled micropipettes with resistances of 200-400 Mf~ measured in the Ringer solution. Responses were stored on magnetic tape and played back later onto a chart recorder or digitized at 167 Hz for further analysis. Light stimuli (spot and annulus patterns, or diffuse adapting lights) were projected onto the retina after passing through a 560 nm interference filter. Timing and intensity of the light stimuli were controlled by electromagnetic shutters and calibrated neutral density filters. For each intensity, the stimulus energy at the plane of the retina was measured with a calibrated UDT-555D photodiode (UDT Sensors, Inc.) and converted to quanta/cmZ/sec. In figure legends stimulus intensities are given in log Q, where Q = quanta/cmZ/sec. Horizontal cells were identified by their large hyperpolarizing responses to diffuse illumination, large receptive fields and relative depth in the retina. After a horizontal cell was penetrated, its receptive field center was located by determining the position at which two perpendicular slits of light each produced a maximal response. All stimuli were centered on this position. Only those cells whose maximum response amplitude was 25 mV or greater were used in these experiments.
Changes in horizontal cell coupling were inferred from relative changes in horizontal cell responses to two light stimuli: a small spot stimulus (200 or 400 #m dia) in the receptive field center and a concentric annulus stimulus (i.d. 600 or 900 #m, o.d. 2600 #m). All spot and annulus stimuli were of less than half-saturating intensity. As described in detail earlier (Dong & McReynolds, 1991) , an increase in the ratio of spot response amplitude to annulus response amplitude indicates a decrease in horizontal cell receptive field size (effective coupling), and vice versa. Since a change in horizontal cell receptive field size could be due to changes in membrane conductance, gap junction conductance, or both, the absolute changes in either of these conductances cannot be determined by this method. However, when the spot and annulus responses change in opposite directions, as in the present experiments, the major change must be in the gap junction conductance between horizontal cells. In this paper we will refer to an increase in spot-annulus response ratio as an uncoupling of horizontal cells, with the understanding that this may include changes in membrane conductance as well as gap junction conductance. For a given experiment, the effect of a test substance was calculated as the relative change in the spot-annulus response ratio. This was calculated by dividing the spot-annulus response ratio in the presence of the drug (mean of five pairs of responses at the time of the maximal drug effect) by the control spot-annulus response ratio (mean of five pairs of responses immediately before application of the test substance). The effect of a given substance is summarized as the number of cells, the mean change in the spot-annulus response ratio, and the significance (P value, paired t-test) of this change.
For dopamine release experiments, retinas were isolated from eyecups prepared as described above, under infrared illumination. In each experiment two retinas were incubated for 20 min in 1 ml of Ringer solution containing 0.42 #M 3,4 dihydroxy [7,8-3H(N) ]-phenylethylamine (Amersham), washed in four changes of Ringer solution, and transferred to a small chamber (NucleoPore membrane holder) where they were superfused with Ringer solution for an additional 30 min at a rate of 0.5 ml/min before beginning sample collections. One milliliter of superfusate was collected every 2 rain using a Gilson model 203 fraction collector. The superfusate could be switched from control Ringer to Ringer containing 50 #M carbachol or high potassium (40mM KC1 substituted for NaC1). All solutions, including the incubation solution, contained 15/tM pargyline and 2-20 #M ascorbic acid. All solutions except the incubation solution contained the dopamine uptake inhibitor nomifensine (2-20 #M). The entire experiment was carried out in darkness. Following the experiment, 5 ml of scintillation cocktail (Scintiverse BD, Fisher) were added to each vial and mixed thoroughly. The labeled dopamine remaining in the retinas was measured by putting them in 5 ml scintillation cocktail. Radioactivity was measured in a Packard Tricarb 2100TR scintillation counter. According to Rashid et al. (1993) , most of the tritium released from fish retinas loaded with this procedure was in [3H]dopamine. Figure I(A) shows the effect of carbachol on coupling of horizontal cells. The downward deflections of the response trace are horizontal cell responses to alternate flashes of a small spot, centered in the cell's receptive field, and a concentric annulus of the same intensity. The first response in the trace is to the spot stimulus. During the time indicated by the horizontal line below the response trace, the superfusate was switched to Ringer containing 50 pM carbachol.
RESULTS

Carbachol uncouples horizontal cells
Carbachol increased the amplitude of the spot response and decreased the amplitude of the annulus response, indicating that it uncoupled horizontal cells. Figure I(B) is a plot of the individual spot-annulus response ratios, each relative to the control spot-annulus response ratio before application of carbachol, on the same time scale as the response trace in Fig. I(A) . Figure I(C) shows individual pairs of spot and annulus responses on a faster time scale, at the times indicated by the corresponding letters above the response trace in Fig. I(A) . In the continued presence of carbachol the effect on horizontal cell responses usually reached a maximum after several minutes and then declined. Similar effects of carbachol were seen with carbachol concentrations from 1 to 100 pM. A nearly maximal uncoupling effect was seen with 50 pM carbachol, which increased the spot-annulus response ratio by a factor of 1.25 + 0.15 (mean ___ SD, n = 17 cells, P < 0.001). In some cells a second application of carbachol was given after recovery from the first application. In all cases the effect of the second application was the same as that of the first application, indicating that there was complete recovery from any desensitization that may have occurred during the first application.
Dopamine antagonist blocks the uncoupling effect of carbachol
The uncoupling action of carbachol was most likely via a stimulation of dopamine release, since it was blocked by the dopamine antagonist fluphenazine (Fig. 2) . The upper plot (A) (the same as plot B in Fig. 1) shows the effect of 50 #M carbachol on the spot-annulus response ratio in normal Ringer. After recovery from carbachol, 40 #M fluphenazine was added to the superfusate. This caused a decrease in the spot-annulus response ratio due to blocking the action of endogenous dopamine release, as described previously (Dong & McReynolds, 1991) . The lower plot (B) shows the effect of 50 #M carbachol, 57 min after the addition of fluphenazine. In the presence of fluphenazine, carbachol had no effect on the spotannulus response ratio. In four cells, 50 pM carbachol increased the spot-annulus response ratio by a factor of 1.35 _ 0.20 in control Ringer and by 0.98 _ 0.11 in the presence of fluphenazine. A paired t-test indicated that the difference between the effect of carbachol in the presence vs absence of fluphenazine was significant (P = 0.039).
The uncoupling action of carbachol is via nicotinic receptors
Like carbachol, the nicotinic agonist 1,1-dimethyl-4-phenyl-piperazinium (DMPP) uncoupled horizontal cells. DMPP (2 #M) increased the spot-annulus response ratio by a factor of 1.35 + 0.12 (n = 9, P < 0.001), and in one other cell it increased the spot-annulus response ratio by a factor of 2.97. As with carbachol, a second application after recovery from the first was equally effective. In contrast, the muscarinic agonist oxotremorine (1-100 ~M) had no significant effect on spot and annulus response amplitudes in any of the 15 trials in seven cells. The nicotinic antagonist D-tubocurarine (DTC), at a concentration of 100/~M, decreased the spot-annulus response ratio in five of seven retinas tested (to 0.88 ___ 0.10, n = 7,P = 0.014). The fact that DTC caused a change in spot-annulus response ratio opposite to that caused by carbachol suggests that there was some tonic cholinergic stimulation of dopamine release in darkadapted retinas. DTC also blocked the uncoupling effects of carbachol and DMPP. In the presence of 100 #M DTC, neither 50/~M carbachol or 2/~M DMPP had any effect on spot and annulus responses (Fig. 3) .
Nicotinic antagonists do not block light-evoked uncoupling of horizontal cells
It was previously shown that diffuse adapting light causes a dopamine-mediated decrease in horizontal cell coupling in dark-adapted mudpuppy retina (Dong & McReynolds, 1991) . Figure 4 shows the effects of a 30 sec adapting light on the spot-annulus response ratio in a horizontal cell in normal Ringer (A) and in the presence of DTC (B). The horizontal bar in each plot indicates the time during which the retina was exposed to a full-field adapting light. Following the exposure to the adapting light in normal Ringer there was a large, transient increase in the spot-annulus response ratio. After the spot-annulus response ratio had recovered to its control value 100 pM DTC was added to the superfusate. After 10 min in DTC, at which time the responses had reached a steady level, the retina was exposed again to the same adapting light. The adapting light caused about the same increase in spot-annulus response ratio in the presence of DTC as it did in control Ringer, indicating that blocking nicotinic receptors did not reduce the ability of light to stimulate dopamine release and uncouple horizontal cells. Similar results were seen in four other cells, each from a different retina. The adapting light increased the spot-annulus response ratio by a factor of 1.50 + 0.08 in control Ringer and by a factor of 1.53 __+ 0.19 in the presence of 100 #M DTC (n = 5). A paired t-test indicated that the difference between the effect of the adapting light in the presence vs absence of DTC was not significant (P = 0.44).
Carbachol stimulates release of [ 3H ]dopamine
Additional evidence that the effect of carbachol on horizontal cell coupling is via stimulation of dopamine release was provided by measuring its effect on the release of [3H]dopamine from the retina. Dark-adapted retinas which had been preloaded with [3H]dopamine were superfused with Ringer containing 2-20pM nomifensine to block reuptake of released dopamine. As shown in Fig. 5 , the addition of 50/~M carbachol caused an increase in radioactivity in the superfusate. This was seen in nine of ten experiments. In most cases the increase in radioactivity in response to carbachol was about 1/4 to 1/3 as great as the increase caused by 40 mM K ÷. As a control to ensure that the release was from dopaminergic neurons rather than from other cells which may have taken up the label nonspecifically, 20 #M nomifensine was included in the incubation medium in two additional experiments. When nomifensine was present during incubation the background release, retinal radioactivity and effect of 40 mM K ÷ were all very small, and carbachol did not cause any detectable increase in radioactivity.
DISCUSSION
The finding that carbachol uncouples horizontal cells and that this action is blocked by dopamine antagonists suggests that ACh stimulates dopamine release in mudpuppy retina, as in fish and tiger salamander (Negishi & Drujan, 1979; Hare & Owen, 1995) . The finding that carbachol also caused an increase in release of radioactivity from retinas ]?reloaded with [3H]dopamine provides additional evidence that the effect of carbachol on horizontal cell coupling is due to stimulation of dopamine release.
When retinas were exposed to carbachol for several minutes the uncoupling effect on horizontal cells usually increased to a maximum and then slowly declined, even in the continued presence of carbachol. This might be due to desensitization of ACh receptors, since the uncoupling effect of dopamine does; not decline significantly with time (Dong & McReynolds, 1991) . However, the sensitivity to carbachol completely recovered after a 10-30 min washout in Ringer.
The findings that the uncoupling effect of carbachol on horizontal cells was mimicked by nicotinic but not muscarinic agonists, and was blocked by the nicotinic antagonist DTC indicate that it is mediated by nicotinic but not muscarinic receptors. Furthermore, the fact that DTC did not block the ability of light to uncouple ! L FIGURE 6. Postulated light-evoked and cholinergic inputs to dopaminergic amacrine cells in mudpuppy retina. Dopaminergic amacrine cells (DOP) are driven by on-center bipolar cells (DB) in a sign-preserving manner. This is shown as a dashed line since it is not known if this is a monosynaptic connection. Synapses from cholinergic neurons (ACh) onto dopaminergic amacrine cells are shown as monosynaptic, although this is not certain. The cholinergic cells are not part of the direct pathway between photoreceptors (P) and dopaminergic cells. Dopamine released from dopaminergic amacrine cells diffuses to horizontal cells (HC). + and -signs indicate signpreserving and sign-inverting synapses, respectively.
horizontal cells indicates that cholinergic neurons are not an essential part of the pathway by which light uncouples horizontal cells. Figure 6 summarizes the light-evoked and cholinergic inputs to the dopaminergic neurons in mudpuppy retina. Previous studies (Dong & McReynolds, 1991) showed that the dopaminergic cells receive excitatory input from the on-pathway. The cholinergic excitatory input to the dopaminergic cells is separate from this pathway. The cholinergic input is shown as directly onto dopaminergic cells, although this is not certain. Although no cholinergic neurons have been specifically identified in mudpuppy retina, it is likely that they are a type of amacrine cell as in other vertebrate retinas [reviewed in Massey & Redburn (1987) ; Hutchins (1987) ].
Although it is not yet known what factors regulate the cholinergic input to dopaminergic neurons in the retina, the finding that DTC increased horizontal cell coupling in dark-adapted retinas suggests that there was some tonic, endogenous cholinergic stimulation of dopaminergic cells under these conditions.
